Subsurface sediment mobilization (SSM) -which includes soft sediment deformations, sand injections, shale diapirs and mud volcanoes -is more widespread than previously thought. The ever-increasing resolution of subsurface data yielded many new observations of SSM, not only from regions obviously prone to sediment remobilization, such as an active tectonic setting or in a region with exceptionally large sediment supply, but also from tectonically quiescent areas. Until now, all the different aspects of SSM have largely been treated as separate phenomena. There is very little cross-referencing between, for example, studies of mud volcanoes and those of sand injections, although both are caused by sediment fluidization. Divisions according to sediment type, mobilization depth or triggering mechanism make little sense when trying to understand the processes of SSM. There is a gradation in mobilization processes that cause considerable overlap between categories in any classification. Hence, it is necessary to integrate our understanding of all types of SSM, regardless of scale, depth, location, grain size or triggering mechanism. In addition, polygonal faults are important in this context, as this nontectonic structural style is closely associated with sedimentary injections and may also reflect large scale mobilization.
The main goal of this volume is to help develop a more integrated understanding of subsurface sediment mobilization. It contains specific case studies and a number of overview papers about the mechanisms of sediment mobilization in the subsurface (Maltman & Bolton) , about polygonal faulting (Cartwright) and about shale diapirs (Morley).
Other recent review papers were published about sand injections by Jolly & Lonergan (2002) by Kopf (2002) and Dimitrov (2002) . Older but important reviews are found in Maltman (1994) and Jones & Preston (1987) .
The contributions in this volume are divided into three sections: shallow subsurface sediment mobilization, polygonal faulting and deep-seated sediment mobilization. We have arbitrarily put the limit between the shallow and deep subsurface at 500-1000 m, which is about the maximum depth of sand injections (Jolly & Lonergan 2002) and the depth of onset of sand lithification, the lower depth limit of shallow fluid generating processes and the common transition depth to regional abnormal pore fluid pressure. Although there are significant differences between shallow processes, deep processes and polygonal faults, the boundaries between these processes are not clear and there is considerable overlap. This review paper aims to link the contributions together into this common framework.
Shallow subsurface sediment mobilization
Unconsolidated sediment in the shallow subsurface is most prone to subsurface remobilization: the porosity is high, cohesion and intergranular bonds are low and fluid production rate by compaction is high. Liquefaction, plastic flow and fluidization can occur. The most important fluid source in the shallow subsurface is pore water being lost through consolidation. At greater depths, but still within what we have classified here as the shallow zone, bacterial gas generation and gas hydrate accumulation/decomposition can be important, depending on the concentration of organic matter, bacterial processes, inflow of hydrocarbon gases, temperature and pressure. This section is further divided here into three subsections: mobilization related to pore water -mostly confined to very shallow depths; mobilization related to in situ gas generation and gas hydrates; and mobilization related to injection of gas or overpressured fluids from a deeper source. R VAN RENSBERGEN ETAL.
Shallow mobilization related to expelled pore water
Maltman & Bolton provide a review of the mechanisms by which sediments can be mobilized, how solid sediment can change to a fluid and back to solid again. The two most important requirements are pore-fluid overpressure, to cause ttuidal state by liquefaction or fluidization and the occurrence of an hydraulic gradient to induce flow. Sediment mobilization structures can be divided into load structures, characterized by folding of an interface and fluidization structures, characterized by injection of fluidized sediment into the host rock.
Load structures range from simple load casts to pseudo-nodules, ball-and-pillow structures and water-escape cusps (Owen); their size varies from millimetres to several metres. They most commonly affect the interface separating sand from clay; hence the deformation has implications for the lateral and vertical permeability and connectivity of sandstones. The morphology of load casts and flame structures are mostly explained in terms of viscosity contrast and fluidal behaviour. For example, Harrison & Maltman use numerical modelling to simulate flow driven by buoyancy forces resulting from reversedensity stratification to study the different roles of initiating conditions, inertia and rheological behaviour on the morphologies and timing of formation of natural features such as load casts and flame structures. Owen, on the other hand, suggests that the varying morphologies of load casts and flame structures may be caused by different growth rates rather than differences in viscosity. The varying degrees of deformation in this case could be controlled by the magnitude and duration of the driving force.
Fluidization structures result from rapid migration of fluids through unconsolidated sediment. A large variety of loading mechanisms can trigger fluid flow in the shallow subsurface, ranging from earthquakes to footsteps (Maltman & Bolton) Another type of fluidized sand injection is shown in spectacular outcrops in the Vocontian Basin (SE France). Complex networks of clastic sills (up to 10 m thick and several km long) and dykes, injected into a thick marly deep-water succession, are found in the channel banks, fed laterally from sandy channels. From the outcrop it appears that sand was injected into the channel banks contemporaneously with sand deposition in the channel. Dykes branching off lateral sills were injected downwards into the deep-water mud. These injections are probably not related to upward fluid migration along a hydraulic gradient but rather to fractures formed by sudden loading by turbidites (Parize et al.) .
Sediment mobilization related to gas and gas hydrate
The role of gas bubbles in sediment with regard to subsurface sediment liquefaction and sediment extrusion was studied by laboratory experiments on soil samples by Pralle et aL They found that small amounts of enclosed gas bubbles render the soil compressible and consequently enhances local shearing, pore pressure build-up and structural damage. It was observed that liquidized, overpressured sediments form mud chambers, whose excess pressure is released through cracks and other discontinuities. Subsequently the liquidized sediment migrates upward, driven by its own overpressure and by the buoyancy of the enclosed gas bubbles, until extruded at the surface. This model has strong similarities to the description of the mud volcano feeder system in Barbados by Deville et al.
In shallow subsurface sediment in marine or deep lacustrine basins, the occurrence of gas accumulations and migrations, together with gas hydrate formation and decomposition, causes a complex hydrodynamic setting with localized fluid and sediment extrusion features. Gay et aL document pockmark distribution that, in the absence of gas hydrate, follows closely the flanks of the meandering turbidite channel on the lower slope of the Congo fan, offshore West Africa. They also found that active gas venting occurred in a zone where the excess pore pressure exceeded the vertical confining pressure of the overlying sediment wedge and that this active zone migrates seaward in step with progra-dation of the sediment wedge. Sediment properties and thus fluid migration patterns change drastically when gas hydrates are present. Hydrates block the sediment pores and decrease the permeability and hydrate formation requires large amounts of water and locally causes overcompaction. Hydrate dissociation releases large volumes of gas (mostly methane) and can locally generate overpressure. A detailed geophysical study by Nouze & Baltzer of anomalous reflections also at the lower slope of the Congo fan identified three zones of abnormal pressure lying sub parallel to the sea floor. Overpressure related to hydrate accumulation and dissociation as follows: free gas accumulation at the base of the hydrate occurrence zone, free gas accumulation by hydrate dissociation at the top of the hydrate occurrence zone and a shallow layer of overpressured, undercompacted sediment, also interpreted as the result of hydrate dissociation. From geophysical studies in Lake Baikal, Siberia, Van Rensbergen etal. describe localized hydrate dissociation by injection of hydrothermal fluids at the base of the hydrate layer, triggering gas injection and short-lived mud volcanism.
Sediment mobilization related to gas and fluid injection.
The ability of fluids to mobilize shallow sediment is demonstrated by L0seth et al. for vertical fluid migration and injection into the Tertiary Hordaland Group in the northern North Sea. Gas, oil and formation water from the Jurassic reservoirs in the deep Viking Graben gave rise to injection along vertical chimneys into the shallow (<1000 m) unconsolidated sediment forming the upper part of the Hordaland Group. The result was large-scale mobilization of sediments to form low-density mud diapirs, up to 100 km long and 40 km wide and circular mud volcanoes, 1-3 kan in diameter. It is remarkable that the deformed unit continues laterally in a section affected by polygonal faults.
Large sand injections as imaged on 3D seismic data, are also partly attributed to the injection of fluids from deep sources. Sand injections occur between <10 m and 500 m (max 800 m, Jolly & Lonergan 2002) below the sea floor. Hurst et al. suggest that small-scale sand fluidization features can occur by expulsion of formation water following sand liquefaction. However major injection structures visible on seismic data need substantial external fluid sources to provide the necessary fluid flux to initiate and sustain fluidization and sand injection on such a scale. Polygonal faults in fine-grained sediment form preferential pathways for sand injections, regardless of whether the fault system developed before, during or after the overpressure increase in the isolated sand body.
Injection of volatiles from mantle CO 2 degassing can be a cause of sediment deformation in unconsolidated fine-grained sediment and may possibly occur in combination with earthquake deformation. This combination of factors is discussed by Bankwitz et al. with regards to a large variety of deformation structures in the unconsolidated sediments of the Neogene Cheb Basin (Czech Republic).
Polygonal faults and sediment mobilization
Polygonal fault systems are intraformational faults, typically developed in fine-grained sediment, that often exhibit a polygonal pattern in plan view. They occur independently of any tectonic process, instead being entirely related to post-depositional processes within the sedimentary layer (although their mechanism of formation is not yet well understood). Polygonal faults are important in discussions about subsurface sediment mobilization because:
• they are frequently associated with fluidized sediment injections along the fault planes, which in places affects hydrocarbon reservoir architecture; • they are thought to be important pathways for concentrated fluid flow through low-permeability sequences and the volume contraction associated with the genesis of polygonal faults may also be an important fluid source, and; • some authors interpret polygonal faults as a result of sediment mobilization caused by largescale density inversion.
The genesis of layer-bound fault arrays with polygonal map view patterns is attributed to three main mechanisms: density inversion (Henriet et al. 1992) , volumetric contraction by syneresis (Cartwright & Dewhurst t998 ) and gravitational loading of weak sediments with low frictional strength (Goulty 2001) . Cartwright et al. provide an overview of these genetic mechanisms, discussing the evidence in favour of and against each of these mechanisms. Cartwright et al. favour the syneresis model but also indicate that so far there is no conclusive evidence for the dominance for any one of the mechanisms; they may even be complementary to some extent. Detailed case studies included in this volume advance discussions about the genesis of polyogonal faults, their capacity for generating and concentrating fluid flow and their importance for the reservoir architecture of deep-water sand deposits.
Nicol et al. analyse the Lake Hope polygonal fault system in Australia and interpret it as a result of incipient gravitational overturn of a thin (c. 40 m) low-density, overpressured layer. Quantitative systematics of fault geometries are consistent with the scale-bound nature of the system, in which the presence and the thickness of an underlying mobile layer is crucial. Fault linkage patterns are consistent with a thickening of the mobile layer in the footwall and the thinning and eventually grounding of the overlying sequence in the hanging walls. In this model, fault movement is entirely attributed to the movement of a mobile layer at the base.
Mertens et al. describe a field example of an orthogonal set of tensional joints in the Lower Oligocene Boom Clay, Belgium, probably caused by shrinkage of the clay due to water loss. The tensional joints formed during the Late Oligocene-Early Miocene at a maximum depth of 40--50 m below the surface. The joints are spaced between 0.5 and a few metres and formed by lateral contraction. Mertens et ai. discuss the boundary conditions necessary for such joints to form. They may represent an outcrop example of contraction joints initiating a polygonal fault system.
Another, quite different set of normal faults and fractures, observed in glaciolacustrine sediment in Lake Superior, is interpreted by Wattrus et ai. as an immature polygonal fault system caused by dewatering of glacio-lacustrine sediment. This interpretation is based on the occurrence of circular patterns on the lake floor, which are, according to Wattrus et aL caused by fluid venting along polygonal faults in glacio-lacustrine sediment underlying the irregular Holocene sediment drape. Wattrus et al. suggest that the normal faults form by volumetric contraction during syneresis. Expulsion of fluids during contraction along the faults and fractures prevented settling of the Holocene cover.
Berndt et al. suggest that polygonal fault systems may not only provide important pathways for fluid migration but also may be important sources for fluids. Berndt et al. describe fluid migration features on 3D seismic data over a Miocene polygonal fault system, from which they infer that fluid expulsion has been an ongoing process following initiation of the fault system. The absence of fluid flow indicators below the polygonal fault system seems to indicate that most of the fluid is produced within the faulted sequences, probably by continued sediment contraction.
The influence of polygonal fault systems on the hydrocarbon reservoir characteristics of the Ormen Lange field, offshore Norway, is discussed by Stuevold et al. This is the first case study of a major hydrocarbon accumulation in which polygonal faults play an important role in the reservoir architecture and fluid communication. Displacements 
Deep subsurface sediment mobilization
Sediment mobilization in the deep subsurface, i.e. generally > 1 km depth is usually associated with large pore fluid overpressure and is common in settings where large overpressures can develop, i.e. hydrocarbon provinces, basins with large sediment supply and regions of compressional tectonic stresses. Overpressure does not reinstate ductile sediment properties exhibited at shallow depth, sands are lithified and cannot liquefy, undercompacted shale may move by shearing at critical state conditions. However, high pore-fluid pressures can cause fluidization after brecciation and the breaking of grain bonds. This section considers three main types of deep-seated sediment mobilization, which are closely interrelated: mud or shale diapirism, mud volcanism and sand-bitumen mobilization.
Fluidized sediment injection along hydro fractures
Fracture generation by pore fluid overpressure is one of the most important processes for sediment mobilization in the deep subsurface. Seal rupture, which is generally required for SSM, occurs if the effective stresses (difference between total, applied stresses and pore pressure) are such that brittle failure is caused. As discussed by Hillis, the effect of increasing pore pressure on rock failure is more complex than commonly assumed because changes in pore pressure are coupled to (not independent of) changes in total stress. In normal fault regimes, pore pressure/stress coupling increases the propensity for tensile failure with respect to that for shear failure. Furthermore, the amount of overpressure that can be maintained by a seal is larger than would be predicted if pore pressure/stress coupling is ignored. The principle of pore pressure/stress coupling is applied in a study offshore Brunei by Tingay et al., who analyse an internal blowout event offshore Brunei. A deep overpressured reservoir was drilled and overpressure was transferred up the open hole to a shallower reservoir. A remarkable aspect of the internal blowout was the transfer of overpressured fluids from the shallower reservoir to the sea-bed resulting in a new vertical hydrofractured pathway. The overpressured fluids did not migrate along a preexisting fault to the seabed.
Injections of mudstone through hydraulic fractures above an inferred mudstone diapir into bedded sandstone and shale deposits are described from outcrops by Morley. The outcrop examples show intrusive mudstone dykes and sills that compartmentalize the host rock reservoir. Sediment and fluid injection may inflate bedded shale layers and cause new hydrofractures propagating from the inflated shale layer. Morley suggests that diapirs may rise by hydraulic fracturing which limits the roof strength to the minimal horizontal stress plus the tensile strength of the country rock or normal faults (as opposed to the shear strength of intact rock for salt models). Hydraulic fracturing and sediment injection weakens the cap rock and may facilitate diapiric rise.
Mixed sand-bitumen veins are another example of sediment injection along hydrofractures. Parnell & Kelly describe sandstone disintegration and subsequent sand fluidization, hydrofracturing and fluid flow. It is demonstrated that the passage of fluid hydrocarbons through lithified sand can isolate and spall sandstone clasts as well as individual grains from a sandstone and inject sand upwards (or occasionally downwards) into other sequences. The study demonstrates that sand injections can occur after disintegration of lithified sands and that it should not be assumed that all cases of mobilized sands are near-surface features.
Mud volcanoes
Mud volcanoes are typically the surface expression of fluidized sediment injection and expulsion from over-pressured sediment layers in the subsurface. Sampling and analysis of mud, clasts and fluids allow an estimation of the depth and origin of overpressured fluids, the depth of sediment mobilization and the mobilization process.
Deville et al. present an extensive study of mud volcanoes in Trinidad, based on surface samples and results from numerous industry oil wells. Mud volcanoes occur only in areas of tectonic compression. The fluid and gases were attributed to a deep origin, probably from depths up to 5000 m. The gas was generated by the thermogenic cracking of organic-rich horizons, probably located within the Cretaceous formations. The solid fraction of the material extruded is polygenic and originates from several levels, ranging from the Cretaceous to the Pliocene. The feeding system of the mud volcanoes consists of a deep conduit in the overpressured zone, a mud chamber intruding the overburden around and above the top of the overpressured pressure zone (about 1000 m) and a superficial outlet leading to the surface vents. As such, this structure is similar to the feature described by Lttseth et al. and the models generated by Pralle et al.
Yassir discusses the role of shear stress in mobilizing mud in the deep subsurface, based on high pressure triaxial tests on muds from mud volcanoes in Trinidad and Taiwan. The texts show that tectonic activity plays an important role in mud volcano development and demonstrates that shear stresses are capable of creating enormous overpressures in sedimentary rocks and cause undercompacted sediments to flow at critical state conditions. The critical state model predicts that a normally consolidated sediment will contract during shear. If shear occurs in an undrained state, then the pore pressure will increase, causing a reduction in effective stress. In addition, the tests show that shearing is accompanied by only a slight increase, or even a decrease, in differential stress, or shear strength, which demonstrates the potential to flow during deformation.
Deyhle et al. use boron isotopes as a tracer for the depth and origin of mud volcanic processes in the Mediterranean Ridge accretionary prism near Crete (Greece) and the Anaximander Mountains south of Turkey. The boron isotope study allows a distinction to be made between the relatively shallow origin of the mud from Mediterranean Ridge mud volcanoes (1-2 km below seafloor) and the deeper remobilization depth of rocks from the Anaximander Mountains mud domes (3-5 km below seafloor). Determining the mud origin provides better constraints on the processes involved in mud expulsion in a complex structural setting.
Talukder et al. present another case study of Pliocene and Quaternary mud diapirism and mud volcanism in the Alboran Sea (western Mediterrenean Sea). They, like the above studies, found that regional compression was the main driving force triggering mud diapirism and volcanism. Two major pulses of diapiric rise were distinguished within the Pliocene. Fluid expulsion from diapiric structures caused mud volcanoes and local collapse depressions.
Mobile shale in large deltas
Large-scale sediment mobilization in the deep subsurface and associated deformation of the overburden occurs in large Tertiary deltas. Undercompacted prodelta clay is loaded by the progradational delta and is thought to be deformed and mobilized under the prograding differential load. In this case, the Karig & Hou 1992; Tissot & Welte 1984; and Claypool & Kaplan 1974) . Fluid injection can occur at any depth and is not included in the figure. undercompacted clay is considered to behave as a viscous to plastic mobile layer, like salt layers. McClay et al. studied delta evolution by analogue modelling using a polymer layer as a mobile substratum. The analogue models succeeded in producing a typical basinward stepping sequence of back-toback growth faults, observed on regional seismic sections, by delta progradation and mobile layer migration. The models show that delta top grabens are linked to delta toe contractional fold and thrust diapirs. On the other hand, it is argued by Van Rensbergen & Morley that the thickness of mobile shale on regional seismic data is often considerably overestimated. In several places the chaotic seismic facies commonly considered characteristic of mobile shale were found to be areas of poor seismic quality caused by a variety of factors. Some shale diapirs were found to be vertical fluidization pipes and mud volcanoes. On this basis they suggest that basinward fluid flow may be much more important than the flow of sediment. Morley integrates these contrasting views in a coherent overview of mobile shale-related deformation along passive and active margins. Important conclusions from this overview are that the structural style of deltas may change laterally and over time with the thickness of the mobile shale substratum. Deposition of undercompacted mobile shale is probably not uniform but related to depocentres and sediment supply. Hence related deformation will not be uniform throughout the delta. For example, lateral parts of the delta, towards the continental slope, may exhibit gravity sliding over an inclined basin whereas in the central part, where the mobile substratum is thicker, the deformation will be more characteristic of differential loading. As a delta progrades into a basin, the thickness of the underlying mobile substratum may increase and the early tectonic style may thus be different from the tectonic style of a mature welldeveloped delta. In other words, the structural style of a delta is more variable than accounted for in most structural models.
The volume closes with an example of changing structural aspects of a progradational delta in relation to the thickness of a mobile shale substratum (Totterdell & Krassay). Two delta systems underlying the Great Australian Bight, the Hammerhead and White Pointer deltas are described. A broad belt of regional growth faults and compressional deformation at the delta toe characterizes the former. The structural style is interpreted as a combination of differential loading and gravity gliding over a mobile substrate. The White Pointer delta developed over a steep palaeo-shelf margin and developed a narrow band of gravity deformation in absence of syndepositional shale deformation. In this case the extensional growth faults occur within a narrow band.
Conclusions
The range of case studies presented in this volume illustrates that subsurface sediment mobilization is a much more widespread and important phenomenon than previously recognized. However, in several cases different authors suggest conflicting interpretations of SSM processes such that it is not yet possible to make neither definitive conclusions regarding the processes involved nor the criteria with which specific mechanisms can be recognized. Nevertheless, some general conclusions can be summarized as follows:
• Subsurface sediment mobilization requires sediment that is able to move as a fluid and a pressure gradient to initiate flow. Since in the shallow subsurface sediment is less consolidated and fluid production rates are high, the shallow zone is more prone to remobilization than the deep subsurface. Load structures and fluidization structures are common.
•
As the hydraulic gradient decreases, sediment movement ceases. Hence, the distance and volume of injections is in the shallow subsurface often limited by the fluid flux through the sediment. • Gas and fluid injection into the unconsolidated shallow subsurface from deeper sources can cause sediment deformation over large areas. In fine-grained sediment this may create mud chambers of liquidized mud, which can give rise to mud diapirs and mud volcanoes.
The formation of polygonal fault systems is still debated. Even so, it is evident that they are important pathways for sediment injection.
Where they occur close to the sediment surface they may be focussing fluid flow along the fault planes during compaction.
In the deep subsurface tectonic stresses in combination with large overpressures become more important to create hydraulic fractures and to create critical state conditions at which consolidated sediment may flow. Hydraulic fractures weaken the cap rock of diapirs and are pathways for sediment injection, in some cases creating feeder systems for mud volcanoes. Plastic deformation of consolidated sediment in the deep subsurface may cause large-scale structural deformation but its significance is contested.
It is clear that given the many different manifestations of SSM and the many different processes involved, further advances in the understanding of SSM require a multi-disciplinary and integrated approach.
